INTRODUCTION
Several clinical, epidemiological and experimental studies have established a significant role for Mycobacterium avium complex (MAC) infection in the pathogenesis of human immunodeficiency virus type 1 (HIV). Data from in vitro and in vivo studies support the notion that MAC mediates the enhancement of HIV replication (Denis & Ghadirian, 1994; Ghassemi et al., 1995; Orenstein et al., 1997; Wahl et al., 1998 Wahl et al., , 1999 Wahl et al., , 2000 Dezzutti et al., 1999) . It is clear that the therapy for MAC infection in patients with AIDS lowers HIV replication, improves the quality of life and increases longevity in these individuals (Chin et al., 1994; Horsburgh et al., 1994) .
MAC is widespread in nature and is the most common bacterial opportunistic infection in HIV-infected persons. The difference in infectivity, growth patterns and immunological responsiveness to MAC affects the ability of these organisms to multiply and survive within the host, and these characteristics are the determinants of pathogenicity in various clinical MAC isolates (Benson, 1994) .
Using a coinfection model, we have reported previously that MAC increases HIV infection by increasing both the rate and the degree of replication (Ghassemi et al., 1995) . Further investigation revealed that MAC-induced cytokine expression increases the formation of the cellular transcription factor NF-kB (Ghassemi et al., 1999) , which, in turn, enhances HIV-1 LTR-CAT [long terminal repeat (LTR) linked to chloramphenicol acetyl transferase (CAT)] transcription (Ghassemi et al., 2000) . To assess whether the effect of MAC on HIV replication lies in the exposure of intact organisms to HIV-infected cells, thereby inducing the replication machinery of HIV, or, alternatively, the multiplication of MAC (i.e. MAC infection) is required for MACinduced HIV upregulation, we conducted a comparative analysis of the effect of viable as well as heat-killed MAC on HIV replication. We present data showing that heat-killed MAC fails to significantly increase HIV reverse transcriptase (RT) activity, despite the observation that both viable and heat-killed MAC induce comparable levels of HIV LTR-CAT expression and NF-kB DNA-binding activity.
METHODS
Cells. The human macrophage-like cell line U937 was obtained from the ATCC. The U38 cell line was obtained from the AIDS Research and Reference Reagent Program (contributed by Barbara Felber), National Institute of Health, Manassas, VA, USA. The U38 cell line is a U937-derived cell line that contains the HIV-1 LTR promoter linked to the CAT gene and is a very sensitive indicator of the HIV-1 transactivating protein Tat (Felber & Pavlakis, 1988) . All cell lines were maintained in RPMI 1640 medium supplemented with 10 mM HEPES, 2 mM glutamine, 1 mM sodium pyruvate (all materials from Mediatech) and 10 % FBS (Sigma). Prior to each experiment, viability was checked routinely using the trypan blue dye-exclusion method. Cells were found to be negative for Mycoplasma contamination, as determined using a commercial kit (Gen-Probe) capable of detecting a broad range of Mycoplasma serotypes. The CEM.NKR-CCR5-Luc cell line, obtained from the AIDS Research and Reference Reagent Program (contributed by John Moore and Catherine Spenlehauer), was used for infectivity assays. This cell line expresses both CCR5 and CXCR4 coreceptors and is, therefore, permissive for a wide range of phenotypically distinct HIV-1 isolates (Spenlehauer et al., 2001) .
MAC isolates and virus strains. HIV-1 strain RF, obtained from the AIDS Research and Reference Reagent Program (contributed by Robert Gallo), and MAC strain 101, serotype 1, an isolate from an AIDS patient, were used for this study. MAC and HIV stocks were prepared as described previously (Ghassemi et al., 1995) . For the treatment of cells with MAC, each time an aliquot was thawed, it was washed with PBS and the pellet was resuspended in medium. The MAC suspension was then vortexed vigorously and divided into two microfuge tubes in identical volumes. To prepare the heat-killed MAC suspension, one tube was treated in a boiling water bath (100 8C) for 30 min.
Infection of cells with HIV and/or MAC. The cell suspension, at a concentration of 1 3 10 6 cells ml À1 , was infected at 37 8C for 2 h either with HIV or simultaneously with HIV and MAC, as described previously (Ghassemi et al., 1995) . The cells were then washed with PBS and adjusted to 2 3 10 5 cells ml À1 (for assessment of the effect of MAC on HIV replication) or 1 3 10 6 cells ml À1 (for transfection or DNA-binding studies). All experiments were performed at least twice.
Virus infectivity assay. Culture supernatant (125 ìl) from cell cultures containing cells infected with HIV alone (control) or simultaneously coinfected with HIV and MAC at the indicated days post-infection was added to CEM.NKR-CCR5-Luc cells (at a concentration of 2 3 10 5 cells per well in a 48-well plate). The plate was then incubated at 37 8C for 4 days. Cells were harvested, lysed and assayed for luciferase activity as described previously (Spenlehauer et al., 2001 ).
RT assay. The RT assay was performed as described previously (Lee et al., 1987) . Briefly, HIV culture supernatant was lysed with dissociation buffer before adding a solution containing Tris, KCl, DTT, MgCl 2 , Triton X-100, template primer [poly(rA)p(dT)] (Pharmacia) and [ 3 H]TTP (Amersham). Samples were incubated overnight at 37 8C, after which 20 % TCA supplemented with 0·02 % sodium pyrophosphate was added. Samples were harvested on a cell harvester (model 200A; Cambridge Technologies) using 5 % TCA, dried and counted in a scintillation counter. Results are reported as c.p.m.
Transfection studies. U38 cells (1-2 3 10 7 ) were treated with either serum-free RPMI medium or concurrently infected/treated with HIV and viable, or heat-killed, MAC for 2 h, as described (Ghassemi et al., 2000) . At 48 h post-treatment, cells were harvested and analysed for CAT activity.
Transient transfection of U937 cells with LTR-CAT DNA (Nabel & Baltimore, 1987) was performed using the DEAE-dextran method, as described by Ghassemi et al. (2000) . Transfected cells were incubated for 6-8 h at 37 8C and subsequently divided into three aliquots: one aliquot was treated with medium (unstimulated) and the others were treated with either viable or heat-killed MAC for 2 h at 37 8C. Cells were then washed, counted and cultured in a 37 8C incubator. Samples were taken 48 h later. Cell extracts were prepared by four freeze-thaw cycles and protein extracts were analysed by the CAT assay (Seed & Sheen, 1988) , as described previously (Ghassemi et al., 2000) .
Analysis of DNA-binding proteins. To determine the induction of cellular transcription factor NF-kB activity by MAC, U937 cells were treated with RPMI medium, heat-killed MAC or viable MAC at 37 8C for 2 h, shown previously to be the optimum condition for the induction of this transcription factor by MAC (Ghassemi et al., 1999) . Nuclear extracts from uninfected and MAC-infected/treated cells were prepared using the method described by Schreiber et al. (1989) and assessed for DNA-binding activity using electrophoretic mobility shift assays, as described previously (Ghassemi et al., 1999) .
RESULTS

Effect of live or heat-killed MAC on HIV replication
We have reported previously the enhancing effect of MAC on HIV replication in a coinfection model (Ghassemi et al., 1995) . To compare the effect of live or heat-killed MAC on HIV replication in coculture, U937 cells were infected with HIV in the presence or absence of the same concentration of viable or heat-killed MAC, and HIV replication was monitored using an HIV-1 RT assay. Viable MAC (infection) consistently increased HIV RT activity by more than 3-fold. Heat-killed MAC, however, failed to significantly enhance RT activity (Fig. 1) , indicating that HIV upregulation appears to require viable MAC organisms. Using HIV-1 strain IIIB in combination with live or heat-killed MAC serotype 101 resulted in similar results (data not shown). We have reported previously that the MAC effect on HIV-1 replication is not HIV-1 or MAC strain dependent (Ghassemi et al., 1995) .
To assess the enhanced HIV RT activity observed by viable MAC in a more physiologically relevant system, an infectivity assay was carried out. To this end, culture supernatant from the above experiment was added to CEM.NKR-CCR5-Luc cells and HIV-mediated LTR activation was measured using a luciferase assay. Culture supernatants from cells coinfected with HIV and viable MAC resulted in significant enhancement of LTR-driven luciferase production (Fig. 2) . This observation, together with enhanced RT activity, confirms a significant increase in the production of infectious virus by viable MAC but not by heat-killed MAC.
Induction of HIV LTR-CAT activity by live or heatkilled MAC
In our previous study, we have shown that MAC infection induces HIV LTR-CAT activity. To examine the induction of HIV LTR promoter activity by heat-killed MAC relative to viable MAC, U38 cells, a subclone of the U937 cell line containing regions of the HIV-1 LTR linked to CAT, were infected/treated with HIV, viable MAC, heat-killed MAC or concurrently with both HIV and MAC, and HIV gene expression was monitored by CAT assay. As shown in Fig.  3 , heat-killed MAC, at a concentration identical to viable MAC, induced CAT expression to a similar level as viable MAC.
To confirm further the effect of MAC on HIV-1 LTRdirected transcription, a construct containing a full-length wild-type genome with an intact NF-kB-binding site, HIV-1 LTR-CAT was transiently transfected into U937 cells. Transfected cells were then treated with either viable or heat-killed MAC (in the presence or absence of HIV). As shown in Fig. 4 , both viable and heat-killed MAC stimulated LTR-mediated CAT activity to comparable levels. The MAC-induced enhancement of promoter activity could not be detected in cells transfected with an HIV-1 LTR-CAT containing a deletion of the NF-kB-binding site unless cells were cotransfected with a Tat expression vector (Ghassemi et al., 2000) .
Induction of NF-k kB-like proteins by MAC
We have shown previously that viable MAC induces the formation of the nuclear NF-kB complex in U937 cells (Ghassemi et al., 1999) . To determine whether heat-killed MAC induces changes in cellular transcription factor NF-kB activity, U937 cells were left untreated (control) or treated with viable or heat-killed MAC and the extracts analysed for NF-kB DNA-binding activity. Fig. 5 shows that viable and heat-killed MAC increased NF-kB-binding activity to comparable levels. Infection of cells with HIV did not increase the formation of the nuclear NF-kB complex significantly and simultaneous coinfection of cells with both HIV and MAC resulted in NF-kB DNA-binding activity similar to that induced by MAC alone (data not shown).
DISCUSSION
MAC is among the most common opportunistic pathogen encountered in patients with advanced HIV infection (Benson, 1994) . We have reported previously that MAC enhances HIV infection by increasing both the rate and the Viable M. avium induces HIV upregulation degree of HIV replication in U937 cells (Ghassemi et al., 1995) . We have shown further that MAC induced the activation of the cellular transcription factor NF-kB (Ghassemi et al., 1999) and that MAC infection could stimulate NF-kB-dependent LTR-mediated CAT activity in U937 cells transfected with a wild-type LTR construct (Ghassemi et al., 2000) .
In this study, we attempted to perform a comparative analysis of the effect of viable as well as heat-killed MAC on HIV replication. We have shown that MAC-induced enhancement of HIV-1 RT activity is mainly at the level of MAC infection, as heat-killed MAC failed to enhance HIV-1 RT activity significantly in a coinfection system. We have also shown enhanced HIV-induced, LTR-driven luciferase activity by viable MAC, confirming a significant increase in infectious virus production by viable MAC but not by heat-killed MAC. We have demonstrated further that heatkilled MAC induced HIV-1 LTR-directed CAT expression to a level similar to that of viable MAC. In addition, both viable and heat-killed MAC induced the DNA-binding activity of NF-kB to comparable levels. Taken together, these data suggest that MAC infection, and not simply exposure to MAC antigens, plays a significant role in the enhancement of HIV-1 replication in our coinfection model. In addition, this study confirms our previous findings that the induction of NF-kB-dependent LTR-CAT activity appears to account for only a small part of the effect of MAC on HIV upregulation (Ghassemi et al., 2000) . Neither MAC-induced upregulation of cellular transcription factor NF-kB expression nor HIV-1 LTR-CAT expression appears to play a significant role in enhancing HIV replication in U937 cells coinfected with both pathogens. Rather, our findings suggest that viable MAC itself may produce or mediate the induction of an as-yetunidentified factor(s), which, in turn, enhances HIV replication.
Most reports published to date support the notion that mycobacteria accelerate the progression of HIV infection. However, using various experimental systems, conflicting results concerning the underlying mechanisms have been reported. Our work, as well as that of others, downplays the role of mycobacteria-induced soluble factors or NF-kBdependent transcriptional activation in upregulating HIV expression (Shattock et al., 1993; , Dezzutti et al., 1999 Ghassemi et al., 2000) . Other studies, while reporting an enhancement of HIV p24/RT levels accompanied by cytokine secretion or cytokine-mediated NF-kB-dependent transcriptional activation, did not demonstrate fully a link between these events (Zhang et al., 1995; Goletti et al., 1996 Goletti et al., , 1998 Vanham et al., 1996) . Mancino et al. (1997) have reported that viable but not heat-killed M. tuberculosis mediated an increase in HIV production in monocyte-derived macrophages, while Dezzutti et al. (1999) have shown that heat-killed and viable MAC enhanced the replication of lymphocytotropic HIV-1 strain LAI in CD8-depleted PBMCs to comparable levels. They have shown further that matrix metalloproteinases are involved in in vitro M. aviuminduced HIV-1 replication in CD8-depleted PBMCs, which are mainly independent of cytokine secretion (Dezzutti et al., 1999) . In addition, other studies have shown that mycobacteria induce the chemokine receptor CCR5 (Wahl et al., 1998; Fraziano et al., 1999) , which can potentially increase HIV infection, although the relationship between these in vitro observations and HIV pathogenesis in vivo has yet to be established.
Much work regarding mechanisms that regulate HIV replication has been conducted using the cell line U1, a subclone of U937 chronically infected with HIV (Folks et al., 1987 (Folks et al., , 1988 . Lederman et al. (1994) have shown a comparable p24 antigen release in U1 cells with either live or heat-killed M. tuberculosis, which is consistent with our unpublished observations. Since electron microscopy studies in our institution as well as other centres (Lederman et al., 1994) failed to demonstrate any intracellular mycobacteria within U1 cells, it is apparent that these cells are not phagocytic for mycobacteria. Therefore, comparable amounts of mycobacteria-induced HIV activation in U1 cells by viable or heatkilled organisms appear to be due to exposure of cell membranes to intact mycobacteria or antigens and not to infection per se. This effect is partially mediated by mycobacteria-induced inflammatory cytokines (Lederman et al., 1994) . In a similar study, phagocytosis of Salmonella typhimurium by U1 cells resulted in a 19-fold increase in HIV production, but heat-killed organisms could induce virus production by only 3-fold (Andreana et al., 1994) .
Phagocytes are capable of reacting differently to viable versus dead organisms and these particular responses are the ones exploited by HIV. A number of studies comparing live to heat-killed mycobacteria and other organisms have demonstrated relative differences in cell activation, which may prove to be relevant to HIV upregulation (Lovik & Closs, 1984; Castro et al., 1991; Barker et al., 1997) . Future efforts will focus on the differences in cell activation induced by live versus heat-killed organisms to understand further the role of mycobacterial infection in HIV upregulation.
In conclusion, this study, as well as our previous report that MAC-induced NF-kB mediates the enhancement of HIV-1 LTR-CAT transcription (Ghassemi et al., 2000) , indicates that the induction of NF-kB DNA-binding activity and/or the enhancement of HIV-1 LTR-CAT expression may not account for a significant part of the MAC effect on enhancement of HIV replication. It also suggests that in our coinfection model, the viability of MAC is important in mediating HIV upregulation.
